The Josephson current flowing through weak links containing ferromagnetic elements is studied theoretically under the condition that the quasiparticle distribution over energy states in the interlayer is spin-dependent. It is shown that the interplay between the spin-dependent quasiparticle distribution and the triplet superconducting correlations induced by the proximity effect between the superconducting leads and ferromagnetic elements of the interlayer, leads to the appearence of an additional contribution to the Josephson current. This additional contribution jt can be extracted from the full Josephson current in experiment. The features of the additional supercurrent jt, which are of main physical interest are the following: (i) We propose the experimental setup, where the contributions given by the short-range (SRTC) and long-range (LRTC) components of triplet superconducting correlations in the interlayer can be measured separately. It can be realized on the basis of S/N/F/N/S junction, where the interlayer is composed of two normal metal regions with a spiral ferromagnet layer sandwiched between them. For the case of tunnel junctions the measurement of jt in such a system can provide direct information about the energy-resolved anomalous Green's function components describing SRTC and LRTC. (ii) In some cases the exchange field-suppressed supercurrent can be not only recovered but also enhanced with respect to its value for non-magnetic junction with the same interface resistances by the presence of spin-dependent quasiparticle distribution. This effect is demonstrated for S/N/S junction with magnetic S/N interfaces. In addition, it is also found that under the considered conditions the dependence of the Josephson current on temperature can be nontrivial: at first the current rises upon temperature increasing and only after that starts to decline.
I. INTRODUCTION
Interplay between superconductivity and ferromagnetism in layered mesoscopic structures offers an arena of interesting physics to explore. By now it is already well known that so-called odd-frequency triplet pairing correlations are generated in hybrid superconductor/ferromagnet (S/F) structures 1, 2 . The essence of this pairing state is the following. The wave function of a Cooper pair ψ σ1 (r 1 , t 1 )ψ σ2 (r 2 , t 2 ) must be an odd function with respect to permutations of the two electrons. Consequently, in the momentum representation the wave function of a triplet Cooper pair has to be an odd function of the orbital momentum for equal times t 1 = t 2 , that is, the orbital angular momentum L is an odd number. Thus, the triplet superconducting condensate is sensitive to the presence of impurities, because only the s-wave (L = 0) singlet condensate is not sensitive to the scattering by nonmagnetic impurities (Anderson theorem). S/F hybrid structures are usually composed of rather impure materials. Therefore, according to the Pauli principle equal time triplet correlations should be suppressed there. However, another possibility for the triplet pairing exists. In the Matsubara representation the wave function of a triplet pair can be an odd function of the Matsubara frequency and an even function of the momentum. Then the sum over all frequencies is zero and therefore the Pauli principle for the equal-time wave function is not violated. These are the odd-frequency triplet pairing correlations, which are realized in S/F structures.
If there is no a source of spin-flip processes in the considered structure (that is the magnetizations of all the magnetic elements, which are present in the system, are aligned with the only one axis) then the Cooper pairs penetrating into the nonsuperconducting part of the structure consist of electrons with opposite spins. Their wave function is the sum of a singlet component and a triplet component with zero total spin projection S z = 0 on the quantization axis. The resulting state has common origin with the famous LOFF-state 3, 4 and can be reffered to as its mesoscopic analogue. This mesoscopic LOFF-state was predicted theoretically 5, 6 and observed experimentally [7] [8] [9] [10] [11] . In this state Cooper pair acquires the total momentum 2Q or −2Q inside the ferromagnet as a response to the energy difference between the two spin directions. Here Q ∝ h/v F , where h is an exchange energy and v F is the Fermi velocity. Combination of the two possibilities results in the spatial oscillations of the condensate wave function Ψ(x) in the ferromagnet along the direction normal to the SF interface 12 . Ψ s (x) ∝ cos(2Qx) for the singlet Cooper pair and Ψ t (x) ∝ sin(2Qx) for the triplet Cooper pair. The same picture is also valid in the diffusive limit. However, there is an extra decay of the condensate wave function due to scattering in this case. In the regime h ≫ |∆|, where ∆ is a superconducting order parameter in the leads, the decay length is equal to the magnetic coherence length ξ F = D/h, while the oscillation period is given by 2πξ F . Here D is the diffusion constant in the ferromagnet, = 1 throughout the paper. Due to the fact that the decay length ξ F is rather short (much less than the superconducting coherence length ξ S = D/∆) the sum of Ψ s (x) and Ψ t (x) (corresponding to S z = 0) can be considered as a short-range component (SRC) of the pairing correlations induced by the proximity effect in the ferromagnet.
The situation changes if the magnetization orientation is not fixed. The examples are domain walls, spiral ferromagnets, spin-active interfaces, etc. In such a system not only the singlet and triplet S z = 0 components exist, but also the odd-frequency triplet component with S z = ±1 arises in the nonsuperconducting region. The latter component penetrates the ferromagnet over a large distance, which can be of the order of ξ N = D/T in some cases. So, this triplet component can be considered as the long-range triplet component (LRTC). Various superconducting hybrid structures, where LRTC can arise, were considered in the literature (See Refs. 2, 13, 14 and references therein). In addition, the creation of LRTC was theoretically predicted in structures containing domain walls 15, 16 , spinactive interfaces 17, 18 , spiral ferromagnets [19] [20] [21] and multilayered SFS systems 22, 23 . There are several experimental works, where the long-range Josephson effect [24] [25] [26] and the conductance of a spiral ferromagnet attached to two superconductors 27 were measured. These results give quite convincing evidence of LRTC existence.
Practically all the discussed above papers are devoted to investigation of an odd-frequency triplet component under the condition that the energy distribution of quasiparticles is equilibrium and spin-independent. However, as it was shown recently 28 , the creation of spin-dependent quasiparticle distribution in the interlayer of SFS junction leads to appearence of the additional contribution to the Josephson current through the junction. This additional supercurrent flows via vector part N j,t of supercurrent-carrying density of states, which does not contribute to the Josephson current in a junction with s-wave superconductor leads if the quasiparticle distribution in the interlayer is spin-independent. Below we briefly describe how this effect arises.
The energy spectrum of the superconducting correlations is expressed in a so-called supercurrent-carrying density of states (SCDOS) [29] [30] [31] [32] . This quantity represents the density of states weighted by a factor proportional to the current that each state carries in a certain direction. Under equilibrium conditions the supercurrent can be expressed via the SCDOS as 31 j ∝ dεN j (ε) tanh ε/2T ,
where ε stands for the quasiparticle energy, tanh ε/2T = ϕ(ε) is the equilibrium distribution function and N j (ε) is SCDOS. In the presence of spin effects SCDOS becomes a matrix 2 × 2 in spin space and can be represented aŝ N j = N j,s + N j,t σ, where σ i are Pauli matrices in spin space. Scalar in spin space part of SCDOS N j,s is referred to as the singlet part of SCDOS in the paper and vector part N j,t is referred to as the triplet part. N j,t is directly proportional to the triplet part of the condensate wave function. It is well known that the spin supercurrent cannot flow through the singlet superconducting leads. Therefore, N j,t does not contribute to the supercurrent in equilibrium. Having in mind that the triplet part of SCDOS is even function of quasiparticle energy, one can directly see that this is indeed the case. Otherwise, if the distribution function becomes spin-dependent, that isφ(ε) = ϕ 0 (ε) + ϕ(ε)σ, the supercurrent carried by the SCDOS triplet component N j,t in the ferromagnet is non-zero because the scalar product N j,t (ε)ϕ(ε) contributes to the spinless supercurrent in this case 28 . As it is obvious from what discussed above, the spin independent nonequilibrium quasiparticle distribution does not result in an additional contribution to the supercurrent flowing via N j,t . However, it is worth noting here that the effect of the spin independent nonequilibrium distribution function has been considered as well 33, 34 . It was shown that in the limit of small exchange fields h ≪ |∆| the combined effect of the exhange field and the nonequilibrium distribution function is also nontrivial. For instance, part of the field-suppressed supercurrent can be recovered by adjusting a voltage between additional electrodes, which controls the distribution function.
In the present paper we continue investigation of the interplay between the triplet correlations and spindependent quasiparticle distribution. As it was explained above, the simultaneous presence of the triplet correlations and spin-dependent quasiparticle distribution in the interlayer results in appearence of the additional contribution to the supercurrent flowing via N j,t . In the present paper we concentrate on two features of this additional supercurrent, which are of main physical interest and propose appropriate mesoscopic systems, where they can be observed:
(i) The additional supercurrent allows for direct measurement of the energy-resolved odd-frequency triplet anomalous Green's function in the interlayer. The point is that for junctions with low-transparency interfaces between the superconductor and the interlayer region N j,t is directly proportional to the triplet part of anomalous Green's function in the interlayer. By measuring the "non-local" conductance (that is, the derivative of the critical current with respect to voltage V , which is applied to the additional electrodes attached to the interlayer region and controls the value of spin injection into the interlayer), one can experimentally obtain the value of triplet part of the anomalous Green's function in the interlayer as function of energy. As it was discussed in the introduction, the triplet correlations induced by the proximity effect in S/F structures are odd in Matsubara frequency, that is the corresponding two-particle condensate wave function taken at coinciding times is zero. Therefore, the direct measurement of the energy-resolved anomalous Green's function is of great interest.
Here we propose an experimental setup, which allows for extracting from the current SRTC and LRTC con-tributions and their separate observation. By measuring the "non-local" conductance one can separately obtain the values of LRTC and SRTC triplet parts of the anomalous Green's function in the interlayer as functions of energy. It is based on a multilayered S/N/F/N/S junction, where a layer made of a weak ferromagnetic alloy having exchange field ∆ << h << ε F is sandwiched between two normal metal layers. The direction of the F layer magnetization is assumed to be nonuniform in order to have a possibility of LRTC investigation. The leads are made of dirty s-wave superconductors.
While all the experiments described in the introduction give unambigous signatures of the fact that the oddfrequency triplet correlations do exist in hybrid SF systems, they do not allow for direct investigation of the triplet anomalous Green function in dependence on energy. For example, Josephson current in equilibrium is only carried by the scalar part of SCDOS N j,s . Surely, it is modified by the presence of the triplet component (and, in particular, manifests weakly decaying behavior if LRTC is present in the system). However, N j,s is not directly proportional to the triplet anomalous Green function, but can contain it only in a nonlinear way. The other measurable quantity in equilibrium is the local density of states (LDOS), where the odd-frequency triplet component manifests itself as a zero-energy peak. This effect has been studied as for SF bilayers so as for SN bilayers with magnetic interfaces [35] [36] [37] [38] [39] [40] . However, LDOS is also not directly proportional to the triplet anomalous Green's function. The oscillating behavior of the critical temperature as a function of an SF bilayer width (See, for example, Ref. 11 and references therein) is also an excellent fingerprint of the triplet correlations (onedimensional LOFF state) presence. However, the order parameter in the singlet superconductor S is related only to the singlet part of the anomalous Green function, which is modified by the presence of triplet correlations, but does not allow for their direct observation. On the other hand, in case if the quasiparticle distribution is spin-dependent, quantities, which are directly proportional to the triplet anomalous Green function start to contribute to experimentally observable things. Josephson current under the condition of spin-dependent quasiparticle distribution in the interlayer is one of them.
(ii) It is well-known that ferromagnetism and singlet superconductivity are antagonistic to each other. In overwhelming majority of situations it results in the suppression of the Josephson current through the system with ferromagnetic elements with respect to the system with the same interface resistances but without ferromagnetic elements. This is also valid even if LRTC is formed in the system. In the present paper we show that in some cases the exchange field-suppressed supercurrent can be not only recovered but also enhanced with respect to its value for non-magnetic junction with the same interface resistances by the presence of spin-dependent quasiparticle distribution. That is, roughly speaking, in some cases the spin-dependent quasiparticle distribution can overcompensate the suppression of proximity-induced superconducting correlations by ferromagnetism. We demonstrate that such an effect can be observed in S/N/S junction with magnetic interfaces.
The paper is organized as follows. In Sec. II the considered model systems are described and the theoretical framework to be used for obtaining our results is established. in Sec. III we present the results of the Josephson current calculation for a multilayered S/NFN/S system under spin-dependent quasiparticle distribution and demonstrate how to obtain from these data information about the structure of the odd-frequency triplet correlations. Sec. IV is devoted to consideration of SNS junction with magnetic SN interfaces under similar conditions for the quasiparticle distribution in the interlayer. We summarize our finding in Sec. V. In Appendix A we represent the results for anomalous Green's function in the interlayer and all the parts of the Josephson current for S/NFN/S junction, calculated in the framework of a particular microscopic model of N/F/N layer. Appendix B is devoted to a particular microscopic model of magnetic S/N interface, which we assume to be more appropriate for the investigation of current enhancement in SNS junction.
II. MODEL AND GENERAL SCHEME OF CALCULATIONS The first system we consider is a multilayer S/NFN/S Josephson junction shown schematically in Fig. 1 . It consists of two s-wave superconductors (S) and an interlayer composed of two normal layers N l and N r with a ferromagnetic layer F, sandwiched between them. The x-axis is directed along the normal to the junction and the y-and z-axes are in the junction plane. The coordinates of FN interfaces are x = ∓d F /2, while SN interfaces are located at x = ∓(d F + d N )/2. That is, the full length of the F layer is d F , while the length of each N layer is d N /2. The middle F layer is supposed to have the exchange field h satisfying the condition ∆ ≪ h ≪ ε F . The exchange field of F layer is assumed to be non-homogeneous, what allows for the existence as triplet pairs with opposite spins (SRTC) so as triplet pairs with parallel spins (LRTC) in the interlayer. h = h(0, sin Θ(x), cos Θ(x)), that is the magnetization vector rotates in the F layer (within the junction plane). For simplicity we suppose that the rotation angle has a simple x-dependence
where Θ ′ does not depend on coordinates. The additional electrodes are supposed to be attached to the N layers in order to make it possible to create a spin-dependent quasiparticle distribution in the interlayer.
We use the formalism of quasiclassical Green-Keldysh functions 41 and assume that the superconductors and all the internal layers are in the diffusive regime. The fundamental quantity for diffusive transport is the momentum average of the quasiclassical Green's functioň g(r, ε, t) = ǧ(p f , r, ε, t) p f . It is a 8 × 8 matrix form in the product space of Keldysh, particle-hole and spin variables. In the absence of an explicit dependence on time variable the Green's functionǧ(r, ε) in the interlayer obeys the Usadel equation
where τ i , σ i and ρ i are Pauli matrices in particle-hole, spin and Keldysh spaces, respectively. τ 0 , σ 0 and ρ 0 stand for the corresponding identity matrices. For simplicity, the diffusion constant D is supposed to be identical in all three internal layers. The matrix structure of the exchange field is as followš
The exchange field h rotates in the F layer according to the described above model. In the N layers h = 0. The Usadel equation (3) should be supplied with the normalization conditionǧ 2 = −π 2 τ 0 σ 0 ρ 0 and is subject to Kupriyanov-Lukichev boundary conditions 42 at S/N and N/F interfaces. The barrier conductances of the left and right S/N interfaces are assumed to be identical for simplicity and are denoted as G T . Then the boundary conditions at S/N interfaces take the form
Hereǧ N is the solution of the Usadel equation (3) at the
at the left (right) interface. σ N is the conductivity of N layers and σ F is the conductivity of F layer (defined for later use).ǧ S stands for the Green's functions at the superconducting leads. Due to the fact that we are mostly interested in the case of lowtransparent S/N interfaces below, we can safely neglect the suppression of the superconducting order parameter in the S leads near the interface and take the Green's functions at the superconducting side of the boundaries to be equilibrium and equal to their bulk values. In this caseǧ
cosh Θ
where κ = +1(−1) for the retarded (advanced) Green's function, χ stands for the order parameter phase difference between the superconducting leads and δ is a positive infinitesimal. The second model system, which we consider in order to study the enhancement of field-suppressed supercurrent under the spin-dependent distribution, is an S/N/S junction with magnetic S/N interfaces. The full length of the normal region is d N , the x-axis is normal to the junction plane and the interfaces are located at x = ∓d N /2. As in the previous case, additional electrodes are attached to the interlayer region for creation of a spin-dependent quasiparticle distribution in the interlayer. The Green's function in the N layer obeys Eq. (3) provided thatȟ = 0. However, the boundary conditions contain additional terms with respect to Eq. (5) because the transmission properties of spin-up and spin-down electrons into a ferromagnetic metal or a ferromagnetic insulator are different, which gives rise to spin-dependent conductivities (spin-filtering) and spin-dependent phase shifts (spin-mixing) at the interface. The generalized boundary conditions for the diffusive limit can be written in the form 43 ,44ǧ
whereǧ N is the Green's function value at the normal side of the appropriate S/N interface (at x = ∓d N /2). As above,ǧ S stands for the Green's function in the superconducting lead and is expressed by Eqs. (6)- (8) .
, where m α is the unit vector aligned with the direction of the left (α = +1) or right (α = −1) SN interface magnetization. {...} means anticommutator. The second term accounts for the different conductances of different spin directions and G MR ∼ G T,↑ − G T,↓ . The third term ∼ G φ gives rise to spin-dependent phase shifts of quasiparticles being reflected at the interface. It is worth ot note here that boundary conditions (9) are only valid for small (with respect to unity) values of transparency and spin-dependent phase shift in one transmission channel 44 . However, for the case of plane diffusive junctions we can safely considerG φ = G φ ξ S /σ N > 1 due to a large number of channels. G φ has been calculated for some particular microscopic models of the interface 40, 43 and can be large enough even if the conductance G T → 0. In Appendix B we calculate G φ , G T and G MR for S/N interface composed of an insulating barrier and a thin layer of a weak ferromagnetic alloy. We suppose this microscopic model to be the most appropriate to the considered problem.
In what follows we assume that the S/N interfaces are low-transparent for the both considered systems, that is
In order to calculate the Josephson current through the junction in the leading order of the interface transparencỹ G T it is enough to obtain the retarded and advanced Green's functions in the leading order of the transparency. If one makes use of the following definitions for the Green's function elements in the particle-hole space (all the matrices denoted byˆare 2 × 2 matrices in spin space throughout the paper)
then one can obtain from the Usadel equation (3) and the appropriate boundary conditions Eq. (5) or (9) that the diagonal in particle-hole space elements ofǧ R,A are zero-order inG T quantities and take the following form in the interlayerĝ
The off-diagonal in particle-hole space elements of the Green's function are of the first order inG T and should be obtained from the linearized Usadel equations, which are to be derived from Eq. (3). It is convinient to represent the off-diagonal elements in the following form
where f R,A s and f R,A t denote the singlet and triplet parts of the anomalous Green's function, respectively. For the case we consider (the magnetization vectors of all the ferromagnetic layers and spin-active interfaces, which are present in the system, are in the junction plane) the outof-plane x-component of the triplet part is absent and the linearized Usadel equations for the anomalous Green's function f
can be written as follows
(13) According to the general symmetry relation 45f R,A (ε) = f R,A * (−ε) the singlet and triplet parts off R,A can be expressed via the corresponding parts off R,A as follows
The linearized Usadel equations (13) should be supplemented by the appropriate boundary condition, which are to be obtained by linearization of Eq. (5) or (9) and at the S/N interfaces take the form
where f Eqs. (13) and (15) allow for the calculation of the retarded and advanced Green's functions in the leading in transparency approximation. However, it is not enough for obtaining of the electric current through the junction, which should be calculated via Keldysh part of the quasiclassical Green's function. For the plane diffusive junction the corresponding expression for the current density reads as follows
where e is the electron charge. The expression is written for the normal layer, but it is also valid for the ferromagnetic region with the substitution
K is 4 × 4 Keldysh part of the corresponding combination of full Green's function. It is convenient to calculate the current at the S/N interfaces. Then the required combination of the Green's functions can be easily found from Keldysh part of boundary conditions (5) or (9) . In addition, we express Keldysh part of the full Green's function via the retarded and advanced components and the distribution function:ǧ K =ǧ Rφ − ϕǧ A . Here argument (x, ε) of all the functions is omitted for brevity. The distribution function is diagonal in particle-hole space:
Then to the leading (second) order in transparency
, (17) where f R,A N,s and f R,A N,t are taken at the normal side of the appropriate S/N boundary. ϕ 0 and ϕ represent the scalar and vector parts of the distribution functionφ = ϕ 0 +ϕσ, which is also taken at the normal side of the appropriate S/N boundary. The superscripts ...
(0) and ... (0)+(1) of the distribution functions mean that the corresponding quantity is calculated up to the zero and the first orders of magnitude in the interface conductanceG T , respectively.
In order to calculate the current through the junction one should substitute Eq. (17) into Eq. (16) . The resulting expression for the current can be further simplified by taking into account the general symmetry relations between the Green's function elements 45 expressed by Eq. (14) and the ones given below
Then the expression for the current density takes the form
The additional contribution to the current, which is absent for a spin-independent distribution function, is given by the third term. As it was mentioned in the introduction, this term (connected to the triplet part of SCDOS) is directly proportional to the triplet anomalous Green's function at the interface. The fifth term also results from vector part of the distribution function, but under the considered conditions it does not contribute to the current, as it is shown below. It is worth to note here that, as it is seen from Eq. (19) , the singlet part of SCDOS is only expressed via the singlet part of the anomalous Green's function. However, it does not mean that the triplet correlations do not contribute to the current for the case of spin-independent distribution function. They do contribute, as it was demonstrated by a number of experiments discussed in the introduction. The point is that for the considered case of the tunnel junction f s in general contains long-range contributions resulting from the LRTC (if they are present in the system). It is worth to emphasize that all the aforesaid only concerns the calculation of the current at the interface. If one would calculate the current at an arbitrary point of the interlayer, the corresponding expression would contain f t quadratically. Surely, the current by itself does not depend on x-coordinate, as it is required by the current conservation.
The distribution functionφ (0)+(1) entering current (19) should be calculated by making use of the kinetic equation, which is obtained from the Keldysh part of Usadel equation (3). As we only need the distribution function up to the first order in the interface conductance, all the terms accounting for the proximity effect (which are of the second order inG T ) drop out and the kinetic equation takes especially simple form (we do not take into account inelastic relaxation in the interlayer)
where the exchange field h(x) is determined above for the ferromagnetic layer and vanishes for all the normal regions.
The kinetic equation should be supplemented by the boundary conditions at the S/N interfaces and the interfaces with additional electrodes, attached to the normal regions of the interlayer in order to create a spindependent quasiparticle distribution. While the boundary conditions at the interfaces with additional electrodes are discussed below for a particular considered system, the boundary conditions at the S/N interfaces are obtained from the Keldysh part of Eqs. (9) or (5) and to the first order in the interface conductance take the form
.
For the case of multilayered N/F/N interlayer Eq. (20) should be also supplemented by boundary conditions at the N/F interfaces, which are to be obtained from Keldysh part of Kupriyanov-Lukichev boundary conditions (5) and are given in Appendix A for a particular microscopic model.
III. S/NFN/S JUNCTION
Now we consider the particular systems. This section is devoted to S/NFN/S Josephson junction. The model assumed for the exchange field of the F layer is already described above. The anomalous Green's function is found up to the first order in S/N conductanceG T according to Eqs. (13), (15) and boundary conditions at F/N interface, which should be easily obtained from Eq. (5) for a given conductance of this interface. We assume that the magnetization of the F layer rotates slowly, that is Θ ′ ξ F ≪ 1, while Θ ′ ξ S ∼ 1 or even larger than unity. This assumption seems to be quite reasonable 2 . Therefore, upon calculating the anomalous Green's functions we disregard all the terms proportional to Θ ′ D/h and higher powers of this parameter, while keeping the terms, where Θ ′ enters in the dimensionless combination Θ ′ D/|ε|. To this accuracy the triplet part of the anomalous Green's function can be represented as
where the z-axis is aligned with the direction of the exchange field in the middle of the F layer (at x = 0). f SR (f LR ) is formed by the Cooper pairs composed of the electrons with opposite (parallel) spins. We are interested in the values of the triplet component at the S/N interfaces, where sin Θ(
The particular expressions for f SR and f LR and singlet component f s depend strongly on the conductance of F/N interface and in general are quite cumbersome. In order to give an idea of their characteristic behavior we have calculated them for the most simple model of absolutely transparent F/N interfaces. The corresponding expressions are given in Appendix A.
f SR is rapidly decaying in the interlayer, while f LR is slowly decaying. Let us consider f SR at the left S/N interface (the left interface is chosen just for definiteness). It can be rewritten in the form
where f l SR is generated by the proximity effect at the left S/N interface itself and f r SR comes from the right S/N interface. It can be shown that for thick enough ferromagnetic layer d F /ξ F ≫ 1 f r SR /f l SR is proportional to the small factor e −dF /ξF . On the contrary, if f LR is represented as
f r LR does not contain the small factor e −dF /ξF in the leading approximation and, therefore, f LR describes the LRTC. As it is explicitly demonstrated in Appendix A, the characteristic decay length of f LR in the F layer is
It is much larger than ξ F for the considered case ξ F ≪ Θ ′ −1 . To the considered accuracy the singlet component of the anomalous Green's function also decays at the distance ∼ ξ F in the F layer, just as SRTC f SR does, because it is also composed of the electron pairs with antiparallel spin directions. Indeed, if f R s at the left boundary is also represented as
then f r s ∝ e −dF /ξF in the limit d F /ξ F ≫ 1. Therefore, the main contribution to the Josephson current Eq. (19) is given by the LRTC component f LR of the anomalous Green's function. However, this contribution is nonzero only for the case of spin-dependent quasiparticle distribution. In the standard case of thermal spinindependent quasiparticle distribution the current is determined by the singlet component f s . Consequently, it only contains the term proportional to the small factor e −dF /ξF . At first glance, it contradicts to the well-known fact that the equilibrium Josephson current contains the contribution generated by the LRTC, if it is present in the system 1,2 . In fact, if one calculates the current at the S/N boundary, then f s should be modified by presence of LRTC and should contain a slowly decaying term, which provides the appropriate contribution. It is indeed the case for the system we consider. However, the corresponding term is proportional to (Θ ′ ξ F ) 2 and is disregarded in our calculation. Surely, it should be taken into account upon calculating the Josephson current for the case of spin-independent quasiparticle distribution, because in spite of the small factor (Θ ′ ξ F ) 2 it can result in large enough current contribution due to the absence of the suppression factor e −dF /ξF . At the same time we can safely disregard this term, because for the considered case of spin-dependent quasiparticle distribution the main contribution to the Josephson current is given by
In order to generate a spin-dependent quasiparticle distribution in the interlayer, additional electrodes are attached to the normal regions of the interlayer. While in the paper we propose some particular way of such a distribution creation, it is not important how particularly it is obtained. The main point is to have a vector part ϕ(ε) of the distribution function in the interlayer, generated anyway. For example, it can be created by a spin injection into the interlayer. If this is the case, the discussed below results qualitatively survive.
In the present paper we assume that each of the normal regions of the interlayer is attached to two additional normal electrodes N Fig. 1 ). In their turn, the electrodes N , respectively. Further, for definiteness we consider the left normal region of the interlayer with the corresponding additional electrodes. We choose the quantization axis z l along the magnetization of the left ferromagnetic insertion P l and the definitions R P l ↑ , R P l ↓ stand for the P l region resistivities for spin-up and spin-down electrons. Then under the conditions that (i) the N l layer resistance R N and the resistance of N l b region inclosed between N l and P l can be disregarded as compared to 1/g t and R P l ↓ and (ii) 1/R P l ↓ ≪ g l t ≪ 1/R P l ↑ one can believe that the voltage drops mainly at the P l region for spin-down electrons and at the In order to simplify the calculations we assume that
The left and the right additional electrodes only differ by the direction of the magnetization of the P l and P r insertions. For later use we define the unit vectors aligned with the P l and P r magnetizations as M l and M r , respectively. In order to satisfy the electroneutrality condition the electric potential of the superconducting leads should be equal to (V t + V b )/2. Then the electric potentials for spin-up and spin-down electrons in the N l b region inclosed between P l and N l counted from the level of the superconducting leads are
Due to the fact that one can disregard the voltage drop inside this region, the distribution functions for spin-up and spin-down electrons in this region are close to the equilibrium form (with different electrochemical potentials). For the general case (if the quantization axis does not aligned with the P l magnetization) the distribution function becomes a matrix in spin space and takes the formφ
The same form of the distribution function is valid for the N r b part enclosed between P r and N r with the substitution M r for M l . Now we can obtain the distribution function in the N l and N r regions of the interlayer, which enters current (19) . For the considered case g t ≪ 1 the dissipative current flowing through N Although the distribution function in the middle F layer does not enter the current expression (19) , it is interesting to discuss here how it behaves. For simplicity we consider the limiting case Θ ′ → 0, when the exchange field in the ferromagnet is practically constant and the qualitative physical picture is more clear. (20) and boundary conditions (A3).
Strictly speaking, the distribution function in the N layers only takes form (26) if one assumes no spin relaxation there. Spin relaxation processes reduce vector part ϕ t of distribution function (26) /N l(r) interfaces. Now we turn to the discussion of the Josephson current through the junction. It is expressed by Eq. (19) . As for the considered case of nonmagnetic S/N interfaces G MR = 0, the last term in this formula is absent. Due to the fact that the scalar part ϕ 0 (−ε) /2 also vanishes. Further, in order to avoid the flowing of a quasiparticle current through the junction we assume that |eV | < ∆ and the temperature is low (T ≪ ∆). Under these conditions the linear in x-coordinate part of ϕ (1) (it is this term that provides the flowing of the quasiparticle current through the junction) is zero in each of the N regions of the interlayer, as it is dictated by boundary conditions (21) . Therefore, ϕ (1) is approximately constant in each of the N layers. We comment on the values of these constants below.
The first two terms in Eq. (19) represent the contribution of the SCDOS singlet part, which takes place as for the case of spin-independent quasiparticle distribution, so as when this distribution is spin-dependent. We refer to this contribution as j s . The particular expressions for j s can be easily found in the framework of a given microscopic model of NFN interlayer after substitution of the particular expressions for the singlet part of the anomalous Green's function and the scalar part of the distribution function [Eqs. (26) and (18)] into Eq. (19) .
The third term in Eq. (19) contains the current flowing through the SCDOS triplet part and is nonzero only for the case of spin-dependent quasiparticle distribution. This contribution is the main result of the present section. If one substitutes the particular expressions for the triplet part of the anomalous Green's function [Eq. (22) and the vector part of the distribution function [Eqs. (26) and (18)] this contribution takes the form
where e x is the unit vector along the x-direction. The currents j SR and j LR are generated by the short-range and long-range triplet components of the anomalous Green's function, respectively. Consequently, if the F layer is thick, that is ξ F d F , the current j SR (as well as j s ) is small due to the factor e −dF /ξF , while j LR is not suppressed by this factor. The particular expression for j s , j SR and j LR calculated in the framework of the considered here microscopic model are given in Appendix A.
It is seen from Eq. (27) that the values of the current contribution j t at the left and right S/N interfaces can be different, that is, in general, j l,r t = j t ± j a . However, under the condition that the superconducting leads are closed into a loop the currents at the left and right S/N interfaces must be equal to each other. It appears that the distribution function in the N layers acquires additional terms ϕ (1) l,r , which are proportional to G T . Under the condition V l = V r we obtain that ϕ
r . Then, according to Eq. (19) this term results in the current contribution, which exactly compensates j a . Therefore, the Josephson current j t flowing through the junction can be simply calculated as j t = (j l t + j r t )/2. It is obvious from Eq. (26) that j s is an even function of voltage V applied to the additional electrodes and j t is an odd function of this voltage. Therefore, it is easy to extract in experiment contributions j s and j t from the full Josephson current: j s (V ) = (j(V ) + j(−V ))/2, while j t (V ) = (j(V ) − j(−V ))/2. Further, it is seen from Eq. (27) that by choosing the appropriate orientation of P l and P r magnetizations, one can, in principle, measure either j SR or j LR current contributions. For this reason it makes sense to discuss all the current contributions j s , j SR and j LR separately. In the tunnel limit all of them manifest sinusoidal dependence on the superconducting phase difference χ, that is j s,SR,LR = j c s,SR,LR sin χ. Therefore, we only discuss the corresponding critical currents j is worth to note that current components j SR and j LR , carried by the triplet part of SCDOS, are nonzero only for V = 0. That is, indeed, the triplet part of SCDOS only contributes to the current if a spin-dependent quasiparticle distribution is created in the interlayer. The exchange field h is chosen to be not very strong h = 10∆. Such a choice is in general agreement with the characteristic values of the exchange field in weak ferromagnetic alloys. However, the results discussed below qualitatively survive for the case of more strong exchange fields. Roughly speaking, increasing of the exchange field influences the results in the same manner as increasing of the F layer length d F . As it is expected, upon incresing d N the magnitude of all the current components decreases not very sharply. The corresponding decay length is considerably larger than ξ F . On the contrary, increase of d F suppresses current components j s and j SR exponentially with the characteristic decay length ξ F . It is natural because they flow via the singlet and short-range triplet components of the anomalous Green's function. These components are composed of the Cooper pairs with opposite spin direction and, correspondingly, decay rapidly into the depth of the ferromagnetic region. It is seen from the figures that for panels (a) and (b) j SR and j LR are of the same order, while j s is even larger. This is not the case for panel (c), where d F = 2. For this parameter range j s and j SR are already suppressed. However, for a certain voltage range (small enough voltages) j LR is not suppressed and the dependence of its magnitude on d F is the same as on d N . For larger voltages the value of j LR is also suppressed. It is interesting to note that this suppression takes place for all the panels of Fig. 2 irrespective of the F layer length. It is obvious that the insensitivity of j LR to the length of the ferromagnetic region is a result of the fact that it is carried by Cooper pairs composed of the electrons with parallel spins. However, the characteristic behavior of this component in dependence on V (sharp maximum at small voltages and subsequent suppression) requires an additional explanation. Such an explanation is closely connected to the particular shape of the anomalous Green's function LRTC and is given below upon discussing the LRTC. Further, the dependence of all three current components on the length of the ferromagnetic layer is studied in more detail. Panels First of all, it is worth to note that the decay length of j s and j SR is ξ F to a good accuracy for any voltage region. Also, it is seen from Fig. 3 that j s and j SR oscillate upon increasing d F with the period 2πξ F (irrespective of the particular voltage). For j s , which is non-zero even for spin-independent quasiparticle distribution, these oscillations are well-studied. They are a hallmark of mesoscopic LOFF-state, as it was mentioned in the introduction. j SR is absent for spin-independent quasiparticle distribution, but is carried by the same pairs of electrons with opposite spin directions, just as j s , and, consequently, also manifests the LOFF-state oscillations. While the oscillation period is the same for j s and j SR , there is a phase shift between their oscillations, which depends on the particular value of the voltage V .
Unlike j s and j SR , j LR does not manifest oscillating behavior. Its decay length is not connected to ξ F and crucially depends on V . This decay length l LR is maximal for the voltage region, where j LR has maximal value (l LR ≈ 2ξ S ≈ 6ξ F for panel (a)) and declines upon increasing V . As it was already mentioned in the introduction, the dependence of the anomalous Green's function in the interlayer on the quasiparticle energy can be partially extracted from the Josephson current measurements. It can be done due to the fact that voltage V enters the current expression (19) only via distribution function (26) . Then, according to Eqs. (19) , (27) and (22), by taking the derivatives of the Josephson currents j s , j SR and j LR with respect to the voltage applied between the additional electrodes, at T → 0 one obtaines that
Here f r SR , f r LR and f r s are determined by Eqs. (23), (24) and (25), respectively. That is, indeed, imaginary parts of the anomalous Green's function components coming from the opposite interface corresponding to all three types of superconducting correlations can be extracted from the Josephson current measurements. However, under the condition |eV | < ∆ it can be done only for subgap energies |ε| < ∆. It is worth to note here that the derivatives of current components j s , j SR and j LR with respect to V give us the corresponding anomalous Green's function components only in the tunnel limitG T ≪ 1. In general case these derivatives are proportional to the appropriate components of SCDOS, which are expressed via the anomalous Green's function in a more complicated way.
Panels (a), (b) and (c) of Fig. 4 represent 2 , calculated in the framework of our microscopic model, in dependence on quasiparticle energy ε measured in units of ∆. In each panel different curves correspond to different lengths d N and d F (See caption to Fig. 4) . It is seen that the value of the normal region length does not influence qualitatively on all three components of the anomalous Green's function. As it is expected, F s and F SR are strongly suppressed upon increasing of d F . On the contrary, F LR is only very weakly sensitive to changing of d F . It is dominated by the sharp dip at low energies, which followed by wider peaks, where F LR changes sign. The width δε of the dip is ∼ √ ∆DΘ ′ . It is the characteristic shape of F LR that is responsible for j LR behavior in dependence on V , shown in Fig. 2 . The point is that at low enough temperatures only the part of F LR , belonging to energy interval [−|eV |, |eV |], contributes to j LR . Consequently, upon inreasing of V j LR grows sharply up to V ∼ (1/2) √ ∆DΘ ′ and after that starts to decline due to the opposite sign contribution of the peaks. It appears that the contributions of the dip and the peaks mainly compensate each other, what leads to strong supression of j LR for large enough V . The discussed above dependence of j LR decay length on V is also closely connected to the fact that only the part of F LR , belonging to energy interval [−|eV |, |eV |], "works" upon creating j LR . Indeed, the characteristic decay length of
′ for small voltages and gets shorter for larger voltages due to increased contribution of higher energies. The possibility to extract singlet and triplet components of the proximity-induced anomalous Green's function in the interlayer is not the only motivation to study the Josephson current under spin-dependent quasiparticle distribution. Being an easily controllable parameter, voltage V gives a possibility to obtain highly nonlinear characteristics j(V ) with a number of 0-π transitions, which can be essential for superconducting electronics. As it was already mentioned above, by choosing the appropriate orientation of P l and P r magnetizations, one can, in principle, "turn off" either j SR or j LR current contribution. When the full current through the junction is given by joint contribution of j LR and j s or j SR and j s , respectively. The corresponding full currents are demonstrated in Fig. 5 . Panel (a) reperesents the case of short enough ferromagnetic layer d F = 1, while panel (b) corresponds to d F = 2. It is seen from panel (b) that in this case the main contribution to the current is given by j LR , at least for small enough voltages. It is worth to note that it may be not easy to adjust P l and P r magnetizations in such a way that only one of the components j SR and j LR flows. In fact, it is not necessary in order to obtain highly nonlinear j(V ) characteristics. For this purpose it is enough to create any spin-dependent quasiparticle distribution in the interlayer region. The internal structure of the anomalous Green's function F LR can also be studied separately for long enough ferromagnetic interlayers.
IV. S/N/S JUNCTION WITH MAGNETIC INTERFACES
In this section Josephson current is studied for S/N/S junction with magnetic S/N interfaces under the condition of spin-dependent quasiparticle distribution in the interlayer. The model is already described in Sec. II. The anomalous Green's function in the interlayer is found up to the first order in S/N conductanceG T according to Eqs. (13) and (15) (assuming h = 0). In general, the condensate penetrating into the interlayer region is comprised of two types of electron pairs: with opposite electron spins and with parallel electron spins. However, due to the absence of ferromagnetic elements in the interlayer region they have the same characteristic decay length. The both types of pairs occur in the system if there is a reason for spin-flip there. For example, it is the case if the magnetization vectors of the both interfaces are not parallel m l ∦ m r . If m l ||m r , then only the pairs with opposite electron spins, generated by the singlet superconductor, occur in the interlayer region. In order to make the formulae less cumbersome we give final expressions only for the case m l ||m r ≡ m. Then, at the left (α = +1) and right (α = −1) S/N interfaces the singlet part of the anomalous Green's function takes the following form
where λ N is determined below Eq. (A4). The triplet component of the anomalous Green's function has only z-component and takes the form
where Z is determined in Eq. (29) . Physically, f s,z1 are generated by the proximity effect at the same S/N interface and f s,z2 are extended from the opposite S/N interface. Just as in the previous section, in order to generate a spin-dependent quasiparticle distribution in the interlayer, additional electrodes are attached to it. The principal scheme is the same as before except for the fact that there is only one normal region in the considered system. Therefore, we assume that the interlayer is attached to two additional normal electrodes N b and N t and electrode N b has insertion P made of a strongly ferromagnetic material. The unit vector aligned with the magnetization of P is denoted by M . Again, if voltage 2V is applied between the electrodes N b and N t , then the electric potentials for spin-up and spin-down electrons in the N b region, inclosed between P and the normal interlayer, counted from the level of the superconducting leads are
The distribution functions for spin-up and spin-down electrons in this region are close to the equilibrium form (with different electrochemical potentials). In a matrix form the distribution function is expressed by Eq. (26) with the substitution M for M l . Now we can obtain the distribution function in the interlayer, which enters the current [Eq. (19) ]. Again, for simplicity we assume that g t ≪ 1. Consequently, the dissipative current flowing through N b /N/N t junction is negligible and, therefore, the y-dependence of the distribution function in the interlayer region can be disregarded. For simplicity we assume below that M ||m. Under this condition the distribution functionφ (0) in the interlayer calculated according to Eq. (20) at h = 0 supplemented by boundary conditions at S/N interfaces (21) is spatially constant and equal to its value coming from N b region. If M ∦ m, then the spatially constant distribution function does not satisfy boundary conditions (21) any more. In this case the problem become twodimensional and much more complicated. Now we are able to calculate the Josephson current through the junction according to Eq. (19) . After substitution of the expression for the singlet part of the anomalous Green's function [Eq. (29) ] and the scalar part of the distribution function [Eqs. (26) and (18)] into first two terms of Eq. (19) , the contribution of the SCDOS singlet part takes the form
where Z(ε) is determined in Eq. (29) . The current flowing through the SCDOS triplet part and expressed by the third term in Eq. (19) takes the form [in order to obtain this expression one should substitute Eqs. (30) , (26) and (18) into Eq. (19)]
As opposed to the problem of S/NFN/S junction considered in the previous section, it is seen from Eq. (32) that j t values at the left and right S/N interfaces are equal to each other. As for the case of S/NFN/S junction, the part of current (19) generated by the (26)] is an odd function of quasiparticle energy. Further, under the conditions |eV | < ∆ and T ≪ ∆ the last term, generated by ∝ αG MR cosh Θ R S m ϕ (0) (ε) + ϕ (0) (−ε) /2 also vanishes because this expression is an odd function of quasiparticle energy at |ε| < ∆ and is absent elsewhere. Taking into account that m l ||m r ||M one can obtain from Eq. (21) that ∂ xφ (1) = 0 at the S/N interfaces. Therefore,φ (1) is approximately constant in the interlayer. Moreover, this constant is to be equal to zero in order to satisfy the condition j l = j r . Therefore, the full Josephson current flowing through the junction is given by the sum of singlet [Eq. (31) ] and triplet [Eq. (32)] SCDOS contributions. Fig. 6 for the same set of parameters. As it is seen from the definitions given in Eqs. (29) and (30) , these functions are proportional to the singlet and triplet components of the anomalous Green's function, coming from the opposite S/N interface, and can be experimentally found by differentiating the currents j The characteristic shape of F s and F t dictates how j s and j t behave in dependence on V . Upon discussing the characteristic features of j s and j t we only consider V > 0 and, correspondingly, ε > 0 for F s and F t . The main characteristic features of F s and F t , which are responsible for the current behavior, are proximity induced dips at ε φ ∼ G φ ξ 2 S ∆/σ N d N (for the parameter region ε φ < ∆). These dips are followed by abrupt changing of sign of the corresponding quantity. Fig. 7 shows F s and F t evolution with G φ (left column) and with d N (right column). It is seen that upon G φ increasing the proximity induced dip shifts to higher energies. If the junction becomes shorter the dip also shifts to the right and its integral height increases due to the fact that the proximity effect is more pronounced for short junctions.
According to Eqs. (19) and (26) grows up to V ∼ ε φ and after that starts to decline due to the sign changing of F s (ε) at ε = ε φ . Analogously, only the part of F t , belonging to energy interval [−|eV |, |eV |], contributes to j c t . Therefore, the absolute value of j c t also grows up to V ∼ ε φ and declines after that. The described behavior is characteristic for the absolute value of j c s and j c t as for eV > 0, so as for eV < 0. However, due to the fact that j c s is symmetric and j c t is antisymmetric function of V , the total Josephson current is highly nonsymmetric with respect to V , as it is seen in Figs. 6 and 8 . While for eV < 0 the contributions of j c s and j c t partially compensate each other leading to suppression of the full current and 0 − π-transition at some finite V , they are added for eV > 0 resulting in the considerable current enhancement. The value of eV , where the peak in the critical current is located, can be used for experimental estimate of spin-mixing parameter G φ , characterizing the magnetic interface, because eV p ∼ ε φ . For short enough junctions with d N < ξ S the current value can even exceed the critical current value for S/N/S junction with nonmagnetic S/N interfaces (G φ = 0) and the same S/N interface conductance G T for some voltage range. It is worth to note here that such an enhancement is only possible for finite V , when the triplet part of SCDOS F t contributes to the current. At V = 0 the critical Josephson current through S/N/S junction with magnetic interfaces G φ = 0 is always lower than the corresponding current fot S/N/S junction with nonmagnetic intefaces but the same interface conductance G T (this statement is valid for the entire range of parameters we consider). Let us denote the value of the critical current for S/N/S junction with nonmagnetic intefaces and interface conductance G T by j nm (V ). In the framework of the microscopic model of S/N interface considered in Appendix B, comparison between j(V ) and j nm (V ) physically corresponds to comparison between the Josephson currents in the system with a thin magnetic layer between N and I and without it. The value j nm (V = 0) is shown in Fig. 6(b) by the horizontal line. It is seen that a small excess of the total current j c over j nm (V = 0) takes place for some voltage range. However, the excess can be much greater, the current at finite V can exceed the equilibrium current j nm (V = 0) for nonmagnetic S/N/S junction more than twice. Such a case is illustrated in Fig. 8(a) . Maximal excess can be expected for short junctions with ε φ ≈ ∆, where the proximity effect in F t is most pronounced and the proximity induced dip at ε φ merges with the coherence peak at ∆ thus greatly enhancing F t value in the subgap region. In addition the temperature should be low enough in order to avoid temperature smearing of the effect.
For longer junctions with d N ξ S the current does not exceed the equilibrium value j nm (V = 0) because of weaker proximity effect in the interlayer region, as it is illustrated in Fig. 8(b) . For all the panels of Fig. 8 the gray solid line represents j nm (V ) for the corresponding set of the parameters. It is worth to note here that dependencies j nm (V ) on V are qualitatively very similar to the current discussed in Ref. 30 for nonmagnetic S/N/S junction under nonequilibrium quasiparticle distribution in the normal interlayer. Indeed, at G φ = 0 triplet part of SCDOS F t is absent and, consequently, the vector part of the distribution function (26) does not contribute to the current. The singlet part of this distribution function is formally equivalent to the nonequilibrium distribution 30 for a narrow normal interlayer (a wire or a constriction). Full quantitative agreement between our results for j nm (V ) and the results of Ref. 30 cannot be reached because they are obtained for somewhat different parameter ranges. Panels (c) and (d) of Fig. 8 show the results for the current at higher temperature T = 0.1∆. Panel (c) corresponds to shorter junction with d N = 0.3ξ S , while panel (d) demonstrates the case of longer junction with d N = 3ξ S . It is seen that for short junction, where the effect of current enhancement is well pronounced at low temperatures, raising of the temperature suppresses the effect. The reason is that distribution function (26) smears upon raising of the temperature. Consequently, not only the part of F t corresponding to |ε| < ε φ , but also some region of higher energies, where F t has opposite sign, is involved into the current j t now. This leads to partial compensation of F t parts with different signs.
Although the maximal value of the critical Josephson current, which can be reached at a finite V , is suppressed by temperature, the current dependence on T at a particular voltage V can be quite interesting. Fig. 9 demonstrates how the current depends on temperature at several specified values of voltage V for the case of short junction with d N = 0.3ξ S . The gray solid line represents the dependence of j nm (V = 0) on temperature and is given for comparison of our results with the equilibrium nonmagnetic case. It is well known, that the Josephson current for equilibrium nonmagnetic S/N/S junction declines upon raising of temperature rather sharply, as it is demonstrated by the gray solid curve. On the contrary, the current at finite V for a S/N/S with magnetic interfaces can even grow up to some temperature and only after that start to decline. The qualitative explanation of this fact is the following. The main contribution to the Josephson current in nonmagnetic equilibrium S/N/S junction is given by high peak of SCDOS located at low energies. Consequently, the temperature smearing of the equilibrium distribution function tanh ε/2T crucially reduces the current. At the same time, the main contribution to j t is given by the energies up to ε ∼ |eV | and under the condition that |eV | < ε φ the temperature smearing of the distribution function involves higher energies, where the absolute value of F t even larger, in the current transfer. In addition, at some voltage ranges the junction can manifest 0 − π transition in dependence on temperature.
V. SUMMARY
In conclusion, we have theoretically investigated the Josephson current in weak links, containing ferromagnetic elements, under the condition that the quasiparticle distribution in the weak link region is spin-dependent. Two types of weak link are considered. The first system is a S/N/F/N/S junction with complex interlayer composed of two normal metal regions and a middle layer made of a spiral ferromagnet, sandwiched between them. The second considered system is a S/N/S junction with magnetic S/N interfaces. In both cases spin-dependent quasiparticle distribution in the interlayer region is proposed to be created by attachment of additional elec-trodes with ferromagnetic elements to the interlayer region and applying a voltage V between them. Interplay of the triplet superconducting correlations, induced in the interlayer by the proximity with the superconducting leads, and spin-dependent quasiparticle distribution results in the appearence of the additional contribution to the Josephson current j t , carried by the triplet part of SCDOS.
It is shown that j t is an odd function of V , while the standard contribution j s , carried by the singlet part of SCDOS, is an even function. So, j t can be extracted from the full Josephson current measured as a function of V . Further, it is demonstrated that derivative dj t /dV can provide direct information about the anomalous Green's function describing the superconducting triplet correlations induced in the interlayer. We show that in the S/N/F/N/S junction the contributions given by the short-range (SRTC) and long-range (LRTC) components of triplet superconducting correlations in the interlayer can be measured separately.
For S/N/S junction with magnetic interfaces it is also obtained that the critical Josephson current at some finite V can considerably exceed the current flowing through the equilibrium nonmagnetic S/N/S junction with the same S/N interface transparency. This enhancement is due to the fact that the triplet component of SC-DOS "works" under spin-dependent quasiparticle distribution giving the additional contribution to the current, while it does not take part in the current transfer for spinindependent quasiparticle distribution. In addition, we have studied temperature dependence of the critical current in S/N/S junction with magnetic S/N interfaces. As opposed to the case of equilibrium nonmagnetic S/N/S junction, where the current is monotonouosly suppressed by temperature, in the considered case at a finite voltage V it can at first rise with temperature and only then start to decline.
The dependence of the full critical current on V is typically highly nonlinear and strongly nonsymmetric with respect to V = 0 due to the interplay of j s and j t . This also leads to appearence of a number of 0-π transitions in the system upon varying controlling voltage V .
In this Appendix we calculate the anomalous Green's functions f s , f SR and f LR and the corresponding current contributions j s , j SR and j LR in the framework of the most simple microscopic model for N/F/N interlayer. We assume the NF interfaces to be absolutely transparent. This approximation simplifies the calculations significantly, but does not influence qualitatively our main conclusions. For this case the boundary conditions at x = ∓d F /2 take the form
As far as we only need anomalous Green's functions to the first order in S/N interface transparency, the above boundary conditions should be linearized. Then for retarded and advanced Green's functions they read as followsf 
The boundary conditions for the distribution function at N/F interface to the considered accuracy take the form
The singlet part of the anomalous Green's function, calculated according to Eqs. (13) , (15) 
cos(χ/2) cosh φ + λ + sinh φ + + ρ cosh φ + − iα sin(χ/2) sinh φ + λ + cosh φ + + ρ sinh φ + − cos(χ/2) cosh φ − λ − sinh φ − + ρ cosh φ − + iα sin(χ/2) sinh φ − λ − cosh φ − + ρ sinh φ − ,
amplitude from the left (right) side to the right (left) side of the interface. Taking into account the constraints on S e resulting from the unitarity condition S e S e † = 1 and time reversal symmetry one can show that without any loss of generality S e is entirely determined by the following parameters: the transmission probability T n , the degree of spin polarization P n and the spin-mixing angle dϕ l(r) n . These parameters are defined as T nσ = |t nσ | 2 = T n (1 + σP n ) and arg[r n /2). These parameters can be straightforwardly calculated in the framework of a microscopic model describing the interface. Here we model S/N interface by an unsulating barrier I (with a transparency T ≪ 1) and a thin layer of a ferromagnetic metal, which is located between I and the normal interlayer. This layer is supposed to provide a required value for the spin-mixing angle. Given the exchange field in the ferromagnetic layer is small with respect to the Fermi energy h ≪ ε F , in the framework of this microscopic model T n = T , P n ≈ 0 and dϕ n ≈ 2w F h/v F , where w F is the length of the ferromagnetic layer and v F is the corresponding Fermi velocity.
The main parameters entering magnetic boundary conditions (9) are connected to the microscopic parameters T n , P n and dϕ l(r) n by the following way
where S is the junction area and G q = e 2 /h is the quantum conductance. It is worth to note here that boundary conditions (9) are the expansion in small T n , P n and dϕ n of the more general boundary conditions 44 and, consequently, Eq. (9) is only valid if all these parameters are considerably less than unity. However, because of summation over large number of transmisson channels, it does not mean that the parameters G T , G MR and G φ must be small. Let us estimate the value of dimensionless G φ = G φ ξ S /σ N , which can be obtained in the framework of our microscopic model. For T ≪ 1
where N is the number of transmission channels and l is the mean free path. dϕ means the average value of the spin-mixing angle dϕ n . For rough estimates it is possible to take dϕ ≈ 2w F h/v F .
Our main results for S/N/S junction with magnetic interfaces are calculated forG φ ∼ 1. From Eq. (B5) it is seen that it is quite reasonable to expect such values of G φ for a magnetic interface composed of an unsulating barrier and a weak ferromagnetic alloy with w F ≪ ξ F .
